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ical entity but connotes the pushes, pulls, and exerted pressure of
ordinary experience. The moving radijus principle helped to advano
ce

the science of motion from accounts dependent o
nations of the behavior of rigid bodies as such.®
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geructures of Argument and Concepts of Force in the
Aristotelian Mechanical Problems
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rAbstract
[ argue that the main goal of the Mechanical Problems, a short treatise transmitted in

the Corpiis Apristotelicum, is to explain the working of technology in terms of the con-
“cepts of Aristotelian natural philosophy. The author’s explanatory strategy is to reduce
the thirty-five “problems” or questions that he discusses to one or more of three simple
imodels: the circle, balance, and lever. The conceptual foundation of this reduction
[ fogram is a principle concerning circular motion, viz. that a point on the circumfer-
ence of a larger circle moves more qitickly than one on a smaller circle, assuming that
_the circles turn about the same center at the same angularlspeed. I analyze the author’s
_argument for this principle and his application of it throughout the text, especially to
the analysis of the lever, The main conclusions are (1) that the author’s justification of
_the circular motion principle is based on an innovative geometrical analysis of motion,
ot on a highly theoretical conceptualization of force; and (2) while the author is aware
ofa recipracal relationship between weights and distances from the fulcrum in the case
of the lever, his explanation of this fact makes no reference to the conditions for seatic
quilibrium. B

* Department of the Classics, 204 Boylston Hall, Harvard University, Cambridge,
- MA 02138, U.S.A. (mjschicf@fas.harvard.edu). This paper owes its existence to 2 kind

invitation from Perer McLaughlin to participate in a panel at the History of Science
Society annual meeting in November 2007; I am grateful to all who participated in
that event for their comments and questions. My approach to the Mechanica has been
- shaped by many discussions with colleagues in Department I of the Max Planck Insti-
tute for the History of Science in Berlin, especially Peter Damerow, Malcolm Hyman,
and Jiirgen Renn; I hope that they may find something of interest in the final prod-
uct. I am also grateful to Bill Newman and Edith Sylla for their assistance and patience,
and to Jean de Groot for sharing a draft of her paper with me. Finally it is a pleasure
to dedicate the paper to John Murdoch, as a small token of appreciation for every-
thing I have learned from him over the years and for his unstinting support.
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1. Introduction

'The Mechanical Problems or Mechanica, a short treatise transmitted
in the Corpus Aristotelicum, is a work of the first importance for
the history of science. It consists of an introduction emphasizing
the wondrous behavior of mechanical devices and arguing that that
behavior can be traced back to the properties of circular motion;
this is followed by a discussion of thirty-five “problems” or ques-
tions that are principally concerned with the operation of various
technological devices. Attributed to Aristotle in antiquity and the
early modern period, the Mechanica’s rediscovery in the Renaissance
spurred the composition of an extensive commentary literature.!
There is a direct historical link between the Mechanica and the
emergence of classical mechanics in the work of Galileo and his
contemporaries. :

While historians of mechanics have generally recognized the impor-
tance of the Mechanica, they have not always interpreted the text
on its own terms. The author’s approach has typically been viewed
as representative of a “dynamical” tradition, since it makes use of
conceptions of motion and force, in contrast with the “statical” tra-
dition that eschews considerations of motion and traces its origin
to Archimedes’ On the equilibrium of plane JSigures. Such a division
is fundamental to the most thorough and incisive recent treatrent

of the Mechanica, F. Kraffts Dynamische und statische Betrac/atungs_— :

weise in der antiken Mechanik (Wiesbaden, 1970). But the assumption
of a division between statics and dynamics is a highly problematic
starting point for analyzing the history of ancient mechanics, if for
no other reason than that no ancient writer distinguishes explicitly
between the two approaches. Even in the Renaissance, when such

" The fundamental bibliographical survey of this literature remains PL. Rose and
S. Drake, “The Pseudo-Aristotelian Questions of Mechanics in Renaissance Culture,”
Studies in the Renaissance, 18 (1971), 65-104.
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a distinction does emerge, writers tend to ernpha‘size th,e points ozf
agreement between the Aristotelian treatise and Archlmedes aPproach.
seimulated in part by the question of Aristotelian authorshlg, schol-
ars have tended to view the argument of the Mec}mmm. against the
background of Aristotle’s scattered remarks on m.echa'mcs in V\"O'I'I(S
such as the Physics and De caelo. ‘Thus Duhem, in his «Les origines
de la statique, explained the author’s argument for the “law of the
lever” (the inverse proportionality of weights and distances on. the
lever arm) as a direct application of the statements of pr.oportxor'l—
ality ‘between mover, moved, distance, and time found in P/ays.zcs
VII 5.2 Contrary voices have been raised, but generally not by his-
torians of mechanics.®

In this paper I will attempt to sketch out a more satisfactory
interpretation of the Mechanica’s methodology and conceptual. fo}m—
dations. My starting point is the claim that the author’s principal
concern is to provide a theoretical explanation of the working of
technology. The Mechanica thus reflects a distinction between the-
oretical mechanics—a body of knowledge consisting of relations
between concepts such as weight, force, and motion—and practi-
tioners’ knowledge, i.e. the knowledge acquired in the design and
use of technology. That the first text concerned with mechanics in
the Greek tradition aims at the explanation of practitioners’ knowl-
edge is an important reminder that technology in .G.reco—Roman
antiquity often developed in advance of theory. A striking example

_ of this is provided by the steelyard or balance with unequal arms,
the topic of problem 20 in the Mechanica. The existence of the

‘ 2’ See e.g. the opening of Guidobaldo del Monnte, In duos Archimedis aequeponderan-
tium libros paraphrasis (Pesaro, 1588), esp. 4: Quare Archimedes Aristotelem sequi vid-

etur ...
% T Duhem, Les origines de la statique, 2 vols. (Paris, 1905 and 1906), 1:5-6; 2:292-

293,

-9 H. Carteron offered a trenchant critique of Duhem in the introduction to his La

notion de force dans le systéme d'Aristote (Paris, 1923; Eng. trans. as “Does Aristotle
Have a Mechanics?” in J. Barnes et al., eds., Articles on Aristotle, vol. 1 (London, 1975),
161-174), though his main interest was not mechanics as such. The best I’CCC’I,II' cri-
tique of the Duhemian line is E de Gandt, “Force et science des machines,_ in J.
Barnes et al,, eds., Science and Speculation: Studies in Hellenistic Theory and Practice
{Cambridge, 1982), 96-127.
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steelyard is reliably attested for the late fifth century BC by a pas-
sage of Aristophanes’ Peace (performed in 421 BC, some 100 years
before the Mechanica was written if not more).’ Tt has often been
assumed that the construction of the steelyard implies knowledge
of the “law of the lever,” i.c. the claim that static equilibrium requires
the inverse proportionality of weights and distances from the ful-
crum or balance point. But the fact that the use of the steelyard
precedes by at least a century the first written attempt to explain
its operation makes it seem quite likely that it was developed with-
out knowledge of such general theoretical principles.s

2. Problems and Explanation

‘The Mechanica begins with some general reflections on the relation-
ship of art or rechné (the Greek term can refer to any kind of result-
oriented expertise) and nature:

Among things that occur according to nature (kata phusin), we wonder at those
whose cause is unknown; among things that occur unnaturally (para phusin), we
wonder at those that come about by means of art (fechné) for the benefit of human
beings. For in many cases nature acts in a way opposed to what is useful for us.
For nature always acts in the same way and simply, while what is useful changes
in many ways. Whenever, then, it is necessary to do something unnatural (para
Pphusin), because of the difficulty we are at a loss (aporia) and have need of art
(techné). For this reason, we also call that part of art that assists in such difficul-
ties (aporiai) a device (méchané). For as the poet Antiphon said, so it is: “By means
of art we gain mastery (kratoumen) over things in which we are conquered by
nature,” (847a11-21)7

% Aristophanes, Peace 1240-1249, with the comments of S.D. Olson, Arz’stop/mhes’
Peace: Edited with Introduction and Commentary (Oxford, 1998), 304, For the Mechan-
ica a date in the late fourth or early third centuries BC seems the most likely possibil-
ity, though certainty is impossible,

@ For a modern parallel see J. Renn and M. Schemmel, Waagen und Wissen in China:
Bericht einer Forschungsreise (Preprints of the Max Planck Institute for the History of
Science 136) (Berlin, 2000).

7 Translations from the Mechanica are my own, based on the text of M. Bottechia,
Aristotele MHXANIKA (Studia Aristotelica 10) (Padua, 1982). Unfortunately her edi-
tion includes no figures and does not number the individual problems; 1 follow the

'

S
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The notion that zechné can rescue human beings from a situation
of need or helplessness (aporia) by means of a device or strategem
(méchané) has a long history in Greek thought, and is brilliantly
summarized in the quotation from the poet Antiphon that' crowns
the passage: fechné enables human beings to overcome then‘ natu-
ral disadvantages. The emphasis on the “unnatural” (paia phusin)
character of what is produced by techné has often been taken to

- suggest that the author conceives of the art-nature relationship as

a fundamentally antagonistic one. In fact, however, the primary
contrast between art and nature here is between the complexity and
utility of the former as against the simplicity and regularity of the

*latter. The phrase para phusin has a number of senses in Aristotle,

including (1) “beyond nature” in the sense of outside the order of
nature, i.e. supernatural; (2) “contrary to nature,” i.e. opposed to a

. thing’s natural tendencies; (3) “forced” as opposed to unconstrained;
_and (4) “unusual” as opposed to what is natural or normal. T have
 argued elsewhere ‘that the author’s conception of the art-nature rela-

. 2
tionship is best understood as the idea that art goes “beyond nature

in the sense that it brings about results that nature left to its own

devices does not. Insofar as art “masters” nature, it is by the cre-

_ative combination of natural principles to go beyond what nature
does on its own.!

The introduction continues by specifying the nature of mechanical
problems more precisely. They are cases in which “the lesser mas-

“ter the greater, and things with small inclination (rhopé) move great
weights (baré)” (847a21-23). Mechanical problems occupy an inter-

mediate position between physics and mathematics: their subject

matter (to peri ho) is revealed by physics, while their explanation

(the ‘how’, 2o hds) is made clear through mathematics (847424-28).°

 traditional designation as found in the editions of O. Apelt (Leipzig, 1888) and W.S.
" Hett (Aristotle: Minor Works [London and Cambridge, MA, 1936]).

# For the idea that art completes what nature leaves unfinished see Aristotle, Physics
11 8, 199a8-20. I develop an interpretation of ancient mechanics along these lines in

" M. Schiefsky, “Art and Nature in Ancient Mechanics,” in B. Bensaude-Vincent and

W. Newman, eds., The Artificial and the Natural: An Evolving Polarity (Cambridge,
MA, 2007), 67-108. -

" 9 This remark recalls Aristotle’s notion of subordinate sciences, according to which

mathematics supplies the explanatory element in disciplines concerned with the
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Next, the author mentions the lever as the paradigm example of 5
mechanical problem:

Among the puzzles in this class are those that concern the lever (mochios). For it
seems strange that a great weight (baros) is moved by a small force (éschus), and
that, too, where a greater weight is involved. For the very same weight, which 5
man cannot move without a lever, he quickly moves by taking in addition the
weight of the lever, (847a28-b15)

The key feature of mechanical problems is thus that they seem to
violate the natural or normal relationship between force (ischus)
and weight (baros). Normally, a large force is required to move a
large weight, but the lever makes it possible to do so with a small
force.

That the author’s aim is to explain why this is so is made clear
in the remainder of the introduction, which argues that the “orig-
inal cause” (#s aitias tén archén, 847b16) of all mechanical phe-
nomena lies in the remarkable nature of the circle. The circle unites
opposites such as concave and convex, as well as opposite motions,
forward and backward (since a point on a revolving circle that sets
out in one direction ends up back at s starting point); but its
most remarkable feature is that

although the line from the center is one, none of the points on it moves at the
same speed (#sotachés) as any other, but that which is farther from the fixed extrem-
ity always moves more quickly (¢harton). (848a15-17)

That is, as a radius (the “line from the center”) sweeps out a cir-
cle, a point on the radius that is farther from the center moves
quicker than one, that is closer in. The final part of the introductory
section (848a19-37) describes a mechanical device whose operation
depends on the fact that the circle combines opposite movements.
It consists of a-number of circles in contact with one another like
a set of interlocking gears, so that when the first one rotates it

physical world (Mesaphysics 1078a14fF; Posterior Analytics 75b14 fF,, 76223-25). 1 dis-
cuss these passages in Schiefsky, “Art and Nature,” 90-94. 4
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ises the second to turn in the opposite direction, and so on. The
Cal. . 0 ) .

ction concludes with the following important remark:
se

And so craftsmen, seizing on this nacural property (phusis) of the circle, co“fitruct
an instrument by concealing the principle (arché), s'o that only the' w?n rous
charactet (o thaumaston) of the device (méchanéma) is apparent, while its cause
(aition) is unclear. (848234-37)

‘Here several fundamental concepts of Aristotelian natural philoso-

hy—nature, principle, and cause—are associated with one another
Snd .opp'osed to wonder: the operation of the device is wondrous

'T,only if the causal principle (arché) thac expl.ains it. is concealed.
~ Moreover the device is constructed not by vx./orkmg against the nature
’ '(plmsis) of the circle but by making creative use of it. Mecham.cs,
o less than any other techné, demands knowledge of natural prin-

ciples.

. 'The details of the author’s explanatory program will concern us
in the next section. But it should now be clear that his overall aim,
as announced in the introduction, is to give an explanation of the

working of technology in terms of the concepts of Aristotelian nat-
_ural philosophy. The existence of a text like the% Mechanica makes
good sense against the background of the development of technol-

ogy in the Greek world of the fifth and fourth centuries BC. I have

already mentioned the steelyard, whose operation vividly demon-

. M
strates the ability of a small weight to ‘overpowet’ a large one. But

 this is only one example among many. The slurgical WOI‘k.S of the
Hippocratic Corpus refer to the use of machn?es for setting frac-
tures and dislocations and reflect on their ability to achieve great

effects.'® The development of torsion artillery at thc. .CI.ld of the fifth
- century provided a dramatic example of the possibilities of enhanc-
 ing human strength by mechanical contrivance, and of the. Felevance
“of technology to military and political affairs."" No less important

-9 [Hippocrates] De articulis (On joints) 72; De fracturis (On fiactures) 31: “For of all

the instruments devised by human beings, the strongest are these three: the turning of
the winch, leverage, and the use of the wedge.” . B

!0 For this dating and for a general account of the development of torsion artillery see
E.W. Marsden, Greek and Roman Artillery: Historical Development (Oxford, 1969).
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than the rise of technology, however, is that of natural philosophy:
for the “problems” generated by technology are only problems when
viewed in light of a conception of what is natural or normal. The
explicit formulation of relationships between such concepts as force
and weight is thus also an important part of the background to the
Mechanica. To invert Aristotle’s famous dictum, the Mechanica shows
that in an important sense, philosophy is the starting point -of
wonder.

3. The Reduction Program

The basic explanatory strategy of the treatise, announced in the
introduction, is to “reduce” (anagein) each problem to the lever, the
balance, or the circle:

Now the things that come about with the balance are reduced (anagetai) to the
circle, those that come about with the lever to the balance, and practically

everything else that comes about with mechanical movements to the lever,
(848al11-14)

The notion of reduction as the analysis of a complex entity into its
simpler components is familiar from a number of Aristotelian con-
texts. In the Prior Analysics Aristotle claims that all syllogisms can
be reduced to the first figure (29b1-2, 40b17-22, 41b3-5). In De
generatione et corruptione 11 2 (329b15-330a29) he claims that qual-
ities such as hard and soft can be reduced to the four primary qual-
ities of hot, cold, wet, and dry; the idea seems to be that the

derivative qualities can be understood as kinds or forms of the pri--

mary ones. Compared to these somewhat obscure examplés, the
reduction program in the Mechanica stands out for its clarity and
simplicity. The reduction is carried out by identifying correspondences
between the device or situation in question and the lever, balance,
or circle. Each of these three conceptual schemata or models has a
fixed number of components or ‘slots’ designated by a standard ter-
minology, as specified in the following table:
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Model Slots

circle center (kentron), radii (hai ek tou kentrou)

balance beam (zugon), cord (spartion) (the beam is suspended from the
cord)

tever lever (mochlos), fulcrum (hupomochlion), weight (baros), mover (o
kindn)

While the terminology for the slots is quite consistent, each slot
can be filled by different objects depending on the particular situ-
ation. Thus the ‘mover’ slot in the lever model can be filled by a

- weight (baros: problem 3), a power (dunamis: problems 5, 6), or a

person (e.g. a sailor or workman: problems 5, 29).

As an example we may consider problem 4, which asks why row-
ers in the middle of a boat contribute most to its movement. The
s'ituati‘on' is analyzed using the lever model (references to the slots

“of the model are italicized):

(2) Why do those in the middle of the ship contribute most to its movement? (b)
Is it because the oar is a lever? For the thole-pin becomes a fiderum (for this is sta-
tionary), and the weight is the sea, which the oar pushes away; the mover of the
lever is the sailor, (c) And the mover of the weight always moves more weight, the
more distant it is from the fulerum; for in this way the radius is greater, and the
thole-pin, being a filerum, is a center (850b10-16).

Slot Identification
lever (mochlos) oar

weight (baros) sea

tulerum (hupomochlion) thole-pin
mover (ho kindn) sailor

“The picture is that.of a ship that is wider in the middle than at

the bow or stern. In such a vessel, there is a greater length of oar

_inside the ship for a rower amidships than for one in the bow or
- stern; hence the greater mechanical effect achieved by the former.
~The order of exposition here is typical: the question (a) is followed

by an identification of the slots of the relevant model (b), followed
by an explanation (c) that gives the reason why the model in ques-
tion accounts for the phenomenon. The questions (a) are normally
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Figure 1: Reduction map

introduced by the phrase dix # ("“Why’), and the idencifications (b)
by the phrase ¢ dioti (‘s it because’). The model identification is
not always so straightforward, and there is substantial variation in
the structure of particular problems. But the general pattern of ques-
tion, identification, and explanation is characteristic of the author’s
approach. A

By analyzing the model identifications for each problem it is
possible to build up a picture of the author’s overall procedure,
represented in graphical form in figure 1. The graph includes all
problems for which there is an explicit model identification in the
text, with the exception of problem 1 (where the balance is reduced
to the circle) and problem 3 (where the lever is reduced to the bal-
ance). Of the 35 problems, 18 (including 1 and 3) meet this cri-
terion. In the first few problems the author makes good on his
promise (848a11-14) to reduce the balance to the circle (1), the
lever to the balance (3), and all other mechanical phenomena to
the lever (4-6). But this does not describe his procedure through-

out: a significant number of problems are reduced directly to the

circle. Moreover, the graph reveals that the balance plays a relatively
unimportant role in the explicit model identifications. Aside from
problem 3 (the lever itself) the balance is explicitly invoked only
in the case of the steelyard (problem 20), which is identified with
both the balance and the lever. , «

Several of the problems that lack explicit model identifications
are nonetheless closely linked to the circle or lever models, First
there are two cases of indirect reduction: problem 7, which refers
back to the analysis of the rudder as a lever in problem 5, and
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oblem 19, which refers to the analysis of the wedge.as a lever ir)x)
P> Problem 8, “why are round and circular figures easier to move,
cli?'f;wsr heavily on the analysis of the circle in problem 1. In pr'ob—
[cm 18, the author claims that the compound pL?lley operates in a
way analogous to the lever (853a37—.b2);. but.thls seems t(})1 mfan
only that it produces a large effect with little input, since ¢ T s Otﬁ
of the lever model are not identified. Prol‘alen?s 2 and 19 dea w1£
aspects of the balance but without reducing it to the: circle; prob-
lems 11 and 35 concern circular movement, but again thzre 1sl no
_ explicit identification of model slots. Pro.blerns 23 and 2 hexp ore
~ conceptual difficulties raised by the analysis of prc.:blcrn 1. (t ‘e com-
osition of motions in the former case and the dlffe{(entlal Lofti{l?n
- of larger and smaller circles in the latter, the famous wheel.oh hms-
- totle”). That leaves seven problems (25, 28, and 30-34) which have
no connection with the circle, balance, or lever. Most of these, how-
ever, concern either technology (25, 28) or phe.nomena that are
fsémehow problematic for Aristotelian ngtural pl.uloso.phy, SL.lch as
projectile motion (32-34) or the tendency of objects in motion to
continue moving (31). . . |
 Thus there is a fair degree of coherence in the selection )of pr.ob-
lems. Approximately half contribute directl?r to the author’s é)rIOJect
of explaining technology by reference to circle, bala}nce, and lever.
Most of the rest have some connection with the basic models; on'Iy
a few stand entirely outside the explanatory program an.nounced in
the introduction. Even so, they arguably have a Place in a coll.ec—
tion of problems concerned with phenomf:*na involving forced motion
that are prima facie difficult to explain in the context of Aristote-

li ilosophy.
k hal'}op?:llm u};, };he reduction program of the Mechanica is a remark-
_able specimen of analytical procedure—a movement from the com-
“plex to the simple—as contrasted with the synthetic p.roce;dl.lre, or
movement from first principles to conclusions, that is typical o,f
- many Greek mathematical texts. The distinctive feature of the author’s
method is the identification of the circle, balance, an4 lever moc?—
els; the structure of these models, expressed in a consistent termi-
nology, guides his analysis throughout. T turn now to a §loser
examination of the conceptual foundations of the two most impor-
tant models, the circle and lever.
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4, The Circular Motion Principle

In keeping with the importance of the circle in the reduction pro-
gram, the fundamental explanatory principle in the text concerns
circular motion. It is introduced at the beginning of problem 1,
which aims to explain the alleged fact that larger balances are more
accurate than smaller ones:

First of all a puzzle arises concerning the things that happen with the balance: for
what reason (aitia) are larger balances more accurate than smaller ones? The prin-
ciple (arché) of this is: why, in the circle, does the line that extends more from the
center travel more quickly (#harton) than the smaller line which is close to the cen-
ter, and moved by the same force (#7 quséi ischui). (848b1-5)

At first this formulation might seem to differ from the author’s ear-
lier statement at 848a15-17: “although the line from the center is
one, none of the points on it moves at the same speed (isotachés)
as any other, but that which is farther from the fixed extremity
always moves more quickly (thatton).” But in fact the idea is the
same. By “the line that extends more from the center” and “the
smaller line which is close to the center” the author refers to two
radii that sweep out concentric circles. He goes on to explain that
“more quickly” means covering cither the same distance in less time,
or a greater distance in the same time, and that in the present case
it is the latter sense that is relevant: the greater line traces out a
greater circle in the same time (848b5-9). Thus, it is a basic assump-
tion of the argument that the longer and shorter radii complete
their motion in the same time. The upshot is that the principle

should be understood as referring to two points on a single radius -

that traces out a circle, as at 848a15-17. What is new here, of
course, is the reference to the fact that both points are moved “by
the same force (ischus)”; the puzzle is that the same force yields dif-
ferent effects, depending on where it is applied along the radius.
Most of problem 1 is devoted to justifying this principle; the
application to the balance follows only at the end (849b23-850a2).
The goal of the argument can be understood by reference to figure
2 (based on the edition of Hett (above, n. 7)). We have two con-
centric circles MEXN and EABI, and a radius AB which rotates
over the arc BH in a given time so as to coincide with AH. Point
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Figure 2: Circular motion in the Mechanica, Problem 1

B travels faster than point X, since it covers a greater distance“ in
the same time (arc BH > arc X@). Points B and X are moved “by
the same force (ischus).” The goal of the argument is to explain why,
despite this, the points travel at different speeds. .

The argument has three main parts. In the first, which runs fr.om
848b9 to 849a6, the author presents a method of analyzing motion
into components and argues that it can be applied to circular motion.

~ In the graphical representation of this analysis, the lengths of lines

represent distances covered in a given time..Figure 3 (also b'ased on
Hett’s) illustrates the case of straight-line motion in which .the
two components are represented by AB and AT, and the object
moves along the diagonal of the parallelogram formed by them

(848b10-23). In such a case the ratio (logos) between the two com-

ponents is constant for the time period in question. In the time it
takes A to cover the distance AB, it also covers distance' A" (and
so ends up at H); similarly, in the time that A covers AA it also

- covers AE, where AA:AE is equal to AB:AT" (thus A ends up at

7). In the case of motion along a curve, the ratio between the

2 From a modern point of view it is natural to take the lengths as representing the
average speed of motion over a given time interval, but it should be recognized that
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Figure 3: Rectilinear motion in the Mechanica, Problem 1

components is constantly changing (848b23-35). Using this method,
circular motion is analyzed as consisting of one component directed
to the center and a second at right angles to it. Thus in figure 2,
in the time that point B moves to H along the circumference, the
two components of its motion are represented by lines BK and KH:
the distances covered in the vertical and horizontal directions, respec-
tively.'?

The second stage of the argument runs from 849a6-19. Having
established thart the line that traces out the circle “is carried with

two motions” (pheretai duo phoras, 848b9-10, b36), the author states

the following principle relating force and speed, which T will refer
to as the “deflection principle”: '

I£ of two things moved from the same force (apo tés autés ischuos), one is deflected
(ekkrouoito) more and the other less, it is reasonable that the one that is deflected
more will move more slowly (braduteron) than the one that is deflected less. And
this seems to happen with the greater and the lesser of the lines from the center
that trace out the circles. For because the extremity of the lesser is closer to the
fixed (center) than that of the greater, the extremity of the lesser travels more slowly

——

nothing like this is stated in the text. The assumption of a constant ratio between the
components of motion does not imply that the object’s speed is constant; jt implies
only that both components change in the same way. It is also worth remarking thar the
diagram (fig, 3) is quite underdetermined by the text. Nothing in the text establishes
that the figure is a rectangle, nor is anything said about the exact ratio of AA to AB,
 On this section of the argument and on the problematic but crucial passage at
848b35-849a6, where the method of analyzing motion into its components is first
applied to the circle, sce the contribution of J. de Groot to this volume,
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(braduteron), as though drawn back in the opposite direction, toward the middle.

(84926-14)

Note that there is no claim here of a quant.itatively preFise relati.on-
éhip between force and speed. The idea is sun.ply that, if two thlngj
are impelled with the same force and one s deflected or.llturne
aside more than the other, the one that is deflected more wi 1 4me)\fe
more slowly (i.e. take more time to cover the same distance). v1j
dently force or ischus is associa)t’ed. with the speed cl)f.mo[\icment.
being moved “by the same force” (ischus) should result 11; th ¢ same
speed, but it does not because of the greater deflection of ¢ e. fou}t
closer to the center. At this point (8493.14—19) the author identi-
' ﬁes the component of circular motion d1rect.ed tov.vards the centffr
“as “unnatural” (para phusin) and that which is at‘rlghf angles to it
as “natural” (kata phusin); the point of this identlﬁcatlf)n seems to
 be that the component of motion towards the center is the result
of constraint." '

In the third and final part of the argument, which runs from
849219 to 849b19, the author applies the. deflection principle to
the case of circular motion by arguing the point closer to the cen-
ter is deflected more than the one that is %rthcr out. He' does t'hlS
by arguing that the amount of “unnatural” or para p/mszn” motion
is smaller in the larger citcle, for a given amount of” natural mozfzoniw
In figure 2, BY and XZ represent the “unnatural  components o
motion of the larger and smaller circles for the same “natural” motion

1 Cf. 851216-17: “the same magnitude moved by the same force (¢8i autéi ischui)
s farther in air than in water.” ) )

Z()iV;:Il:rc;y :ommentators (e.g. Krafft, Betrachtungsweise, 3'3; De Gand.t, Force,l }22)
“understand kazz phusin here to refer'to a heavy body’s motion towards its natural place,
- Le. downwards. On this interpretation the diagram of figure 2 should be»rotated.90
degrees cloclkwise. This is supported by the fact that problem 1 concerns the motion
of the arms of a balance. However, it is clear from the sequel that. the atfthor undc.r-
stands this analysis of circular motion to be a very general onc.that is apphcablel to c;:—
~ cles in any orientation, such as the potter’s wheel which turns in a pl'anc paralle tokt e
' ground (pt. 8, 851b19-21; cf. 852a1-13). It therefore seems more likely that ;he at:lz
phusin/para phusin contrast here should be understood as a contrast b'ctwef:n r;e a;l
constrained motion: an object moving in a circle would fly off in a straight line, but for
the constraint imposed by the deflection (ekkrousis) towards the center,
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(QY = ©Z). But BY < XZ, since QY and 07 are equal, and “equal
straight lines inscribed in unequal circles at right angles to the diam-
cter cut off a smaller segment of the diameter in the greater cir-
cles” (849a35-38).'¢ Thus, point B is deflected less than point X;
by the deflection principle, it travels more quickly. It is only at this
point (849b1) that time enters the argument: in the time that X
moves to © on the smaller circle, B moves to a point beyond Q on
the larger circle (since its motion is quicker).”” But how far does it
go? Here the assumption that the two points lie along a single
radius is crucial. Because we have two points (X and B) that are
fixed on the same radius, at the end of the motion, the ratio berween
the “unnatural” and “natural” components must be the same for
both points. And this condition is satisfied only when point B has
moved to H (for BK:KH = XZ:Z©).'8

To recap: in part 1 the author argues that circular motion, like
rectilinear motion, can be analyzed into two components; in part
2 he states the principle that if two things are moved by the same
force, the one that is more deflected will move more slowly; and
in part 3 he shows that this principle applies to the case of circu-
lar motion by demonstrating that the deflection is smaller in the
larger circle. It is crucial to see, first, that this last claim depends
on a comparison of motions completed in different times: when X
has moved to ©, B will be at H; but when B has completed as
much “natural” movement as X, it will have completed less “unnat-
ural” movement. Second, it is the assumption of proportionality,
grounded in the geometry of the circle, which determines where
the points end up when the motion is complete. The deflection

19 This is stated without proof. For a pfoof based on Euclid 3.31 and 6.8, see T'L.
Heath, Mathematics in Aristotle (Oxford, 1949), 233.

') ‘The introduction of time ar this point is strongly marked (848a38-849b4): “So in
the amount of time (e boséi dé chrondi) that A@ traverses X0, in so much time (en
tosoutdi chrondi) the end of BA has traversed a greater (distance) in the greater circle
than BQ. For the natural motion is equal, while the unnatural motion is less: BY is
less than ZX.”

' ‘The importance of the proportionality requirement is strongly emphasized in this
part of the argument; cf, 849b4-6; “it must be proportional (zzalogon): as the natural
[motion] is to the natural, so the unnatural is to the unnatural,”
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prinCiple says only that greater de:ﬁectif)n yields a slower speed;.it
does not establish a precise relationship between.forc'es and dis-
rances, and so cannot explain why there is proportlonal.lty l?etween
+the natural and unnatural components when the motion is com-
plete. What the deflection principle is suonsed to explain is .the
surprising fact that although the same force is apph.ed to the points
closer and farther from the center, the closer p?mt moves.mor.e
slowly. But the application of the principle to cu‘cula}r motion s
based purely on geometrical considerations. The ana%ysxs of motion
presented in part 1 gives the author a way of comparing the motion
~ of the larger and smaller circles; using this method, in part‘ 3 he
~ shows that the point on the smaller circle is more deﬂecte.d in th.e
_ way I have indicated. The upshot of the whole argument is that it
is the geometry of circular motion that explains the different effects
: of the same force exerted at different distances from the center. It
is therefore a mistake to suppose that the author is trying to explain
the geometrical features of circular motion by reference to forces
and their effects. In this argument the effect of a force is the explanan-
dum, not the explanans.” :

- One consequence of this is that the concept of force or ischus
that is relevant here is not a highly theoretical one, as commenta-
tors such as Duhem have claimed.?® Ischus should be thought of

1 Another way of putting the point is that the kinematics of the situation .explains the
- dynamics, rather than vice versa; here I am in fundamental agreement with the con-
tribution of J. de Groot in this volume. Note that there is no reference in the Mechan-
ica 10 a “force” from the center, except in a metaphorical sense (hdsper antispsmenon
- 849a13). .
o Following Duhem, Krafft has proposed a quite different interpretation of the clam’:
that the points closer and farther from the center are moved “by the same force.
- According o Krafft (Betrachtungsweise, 35-36), this corresponds to a situation on a
‘balance beam where a smaller weight is attached at a greater distance from the center
, anda larger weight closer in, in such a way that the ratio of the weights is the inverse
of that of their distances from the center. This is based on an application of the rela-
tionship stated in Physics VII 5 (249b27-250a4): if a given power (dunamis) can move
a given weight over a given distance in a given time, it will move half the weight over
twice the distance in the same time, As the balance beam turns, the smaller‘ weight
covers a proportionally greater distance in the same time; hence it is moved “by the
same force” as the larger weight closer in. This amounts to understanding ischus as the




60 M. Schicfiky / Early Science and Medicine 14 (2009) 43-67

simply as a push or effort that is applied to a mechanical device,
What is surprising is that the same “push” produces a quicker move.-
ment if it is applied farther from the center. As noted above, the
author associates ischus with speed; thus the greater speed of the
point on the larger circle is responsible for the greater effect pro-
duced by a force acting farther from the center.”! But ischus itself
still refers to the input force that moves the radius of the circle,
Here it is relevant to note that the term sschus has connotations of
physical strength, while the other principal term for force used in
Aristotelian contexts, dunamis, refers primarily to a capacity or abil-
ity (it is derived from the verb dunamai, “to be able™). The empha-
sis on input force as effort is understandable given the author’s
concern to explain practitioners’ knowledge. For what is remarkable
about mechanical devices from the point of view of practical expe-
rience is the fact that the same input yields a greater effect.

In keeping with the non-technical role of ischus in the argument
of problem 1, the author frequently substitutes baros or “weight”
for ischus in applying the circular motion principle. This occurs
already in problem 1, where the principle is applied to the origi-
nal question about the balance:

Accordingly, the reason (zitia) why, from the same force (apo tés aurés ischuos), the
point more distant from the center travels more quickly than the nearer point,
and the greater line traces out the greater circle, is clear from what has been said.
And why larger balances are more accurate than smaller ones is evident from the
following, For the cord becomes a center (for this is stationary), and the parts on

“effective weight” exerted by a given baros at a certain distance from the center {cf. De

Gandt, “Force,” 116-118). On this inrerpretzition, it is clear how a small weight at a
large distance from the center can balance a large weight at a short distance: for the
ischus exerted by both s the same, Yet this is not the argument that the author actually
makes, either here or in the analysis of the lever (see section 5 below). The argument
of problem 1 is based not on the principle of Physics VII, but on the deflection prin-
ciple. And the ischus is not the result of the swifter motion of the larger circle, bue the
cause or source of its motion.

2 Cf. pr. 17, 853224-25 (the wedge “is stronger (ischuei pleon) because of its speed”);
pr. 19, 853b18-22 (the effectiveness of the axe is due to the speed of its motion); pr.
22, 854a31-34 (the nutcracker, since its action does not involve blows, loses much of
the ischus due to movement),
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each side of the beam become the radii. So (oun) from the same v‘veight {apo tou
auto barous), the extremity of the beam must be moved more quickly, the m.ore
distant it is from the cord; and some weights are not clear to sense percepltlon
when placed on small balances, while in large balances they are clear.

(849b19-28)

The author identifies the cord of the balance with the center of the
circle, and the parts on each side with the radii. Then he applies
? . . »
the circular motion principle, but with the substitution of weight

-~ (baros) for force (ischus): from the same weight (apo tou autou barous),

a point farther from the center will be moved more quickly. The

- author imagines the same weiglt being placed on two balances, one

of which has longer arms; the magnitude of the swing produced in

the larger balance is larger because of the circular motion princi-

ple. Evidently he is not concerned to distinguish being moved “by

_ the same force” and “by the same weight.” In problem 3 the greater
radius is said to be moved more quickly by an equal weight (hupo

tou isou barous, 850a36-7; see section S below). Recall that the

remarkable fact about the lever mentioned in the introduction

(847a28-b15) is that it makes it possible to move a large weight
;(bzzro:) by a small force (hupo mikras ischuos). Since probler}q 3
explains how a large weight (baros) can be moved by a small weight,

the implication is that a small weight is associated with a small

ischus. Finally problem 9 suggests a similar correspondence between
ischus and baros, with a direct reference back to problem 1:

Why is it that we move things that are raised and drawn by means of greater cir-
cles more easily (rhaon) and more quickly (thatton)? For instance, larger pulleys
rather than smaller ones, and similatly for rollers. Is it because the longer the
radius, in an equal time it is moved over more space, so that it will also .do the
same thing if an equal weight (o ison barous) is on it, just as we also said that
larger balances are more accurate than smaller ones. (852a14-20)

The remaining passages in which the circular motion principle is
-~ invoked are summarized in the following table:
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Pr. | Ref. Text

8 851b36-38 | “for greater (circles) are moved, and move weights, more
quickly (thatton) by an equal force (bupa tés isés ischuos)”

12 |852b8-9 “the greater the radius, it is moved more quickly (thatton)”

13 1852b15-18 | “the (radii) of larger circles are moved more quickly (thatton),
and more, from the same force (apo tés autés ischuos), than
those of smaller circles; for by the same force (bupo tés aurés
ischuos), the extremity farther from the center changes

position more quickly (thazton)”

“the farther it is from the center, everything is moved more
easily (rhaon)”

14 1852b27-28

15 1852b33-34

“the greater radius always traces out a larger circle from an
equal motion (apo #s isés kinéseds)”

27 |857231-32 | “the greater the (distance) from the center ... it changes

position more”

The author consistently refers to “the same” or an “equal” ischus
applied at different distances from the center; ischus is consistently
used of input force or effort. OF the ninetcen instances of the term,
fourteen are expressions of agency (expressed with the prepositions
apo or hupo, or the dative of agent). We may briefly consider two
examples. (1) Problem 13 asks (852b11-13): “Why are larger han-
dles more easy to move around a spindle than smaller ones, and in
the same way thinner windlasses are more easily moved by the same
force (hupo tés autés ischuos) than thicker ones?” The author applies
the circle model and then goes on to state the circular motion prin-
ciple at 852b15-18, as summarized in the table above. Here the

point is that the same effort applied to two different devices (wind-

lasses with longer or shorter arms) has different effects.?2 (2) Prob-
lem 18 asks why it is that the use of a compound pulley enables a
large weight to be raised “even if the pulling force (hé belkousa
ischus) is small (853a37).” The author continues (853a37-39): “Is
it because the same weight is moved from a smaller force (apo elat-
tonos ischuos) if the lever is used than from the hand?” Again we

™ Evidently the thinner windlasses have longer arms.
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have a comparison between the input force exerted in two differ-
a

. . . s 23
¢ situations, in this case with and without mechanical aid.
en

5, The Lever
- I begin with a translation of the key passage of problem 3 (850a30-
L bo):

(a) Why do small powers (dunameis) move great weights'(!mré) by means of the
lever, as was also said at the beginning, even though the weight of the lev'er is taken
in addition? It is easier to move a smaller weight, and it is smaller w1th0’ut the
lever. {b) Is it because the lever is the reason, since it is a balance (zugon) with the
cord (spartion) attached below and divided into two unequal parts? For t.he ful-
crum (hupomochlion) is the cord (spartion): for both of these remain statlo{lary,
like the center (kentron). (c) And since the greater radius is movc:‘d mf)re qulck'ly
by an equal weight (bupo tou isou barous); and there are three things mvolvc'edﬂm
the lever, the fulcrum (cord and center), and two weights, the mover (4o kinén)
and the moved; so (oun) as the weight moved is to that which moves it., tAhe‘ length
is to the length, inversely. (d) And it will always cause movement (kznf’:ez) more

_easily (rhaon), the more distant it is from the fulcrum. () The reason is the one
stated before, that the line that extends more from the center traces out a greater
circle, so that from the same force (apo tés autés ischuos) the mover (to kinoun) that
is farther from the fulcrum will change position more.

2 Ifany term is a candidate for expressing the idea of “effective weight” in the Mechan-
‘ica (cf. n. 20 above) it is #hopé (“inclination”), not ischus. Thus at the end of problem
1 the author writes that “the magnitude of the inclination (rhopé) pf’oduced by the
same weight (bupo tou autou barous) is much larger in larger bz?lances (849?32-'34).
Here rhapé refers to the visible “swing” of the balance, its deviz’mon from equilibrium.
~The terms rhopé and the associated verb rhepein, “to incline,” are closely connected
with the balance in Greek literature of the fifth and fourth centuries BC (cf. LS] s.v.).
In Aristotle #hopé refers to the downward tendency possessed by all heavy bodies (e.g.
- De caelo 297a28). In the Mechanica the term refers either to a disturbancg of the b:.il-
ance from a state of equilibrium (as in pr. 1), to something that produces such a dis-
turbance (at 850a13-16 it is used a small weight added to one side of the ballancc), or
to a downward tendency as in Aristotle (858a15, cf. 858a21). There is no cvxdence‘ in
the Mechanica for the idea that equilibrium is produced by equal 7hopé on either side
 ofthe balance, as in Archimedes. Nor is #hapé consistently used of the effect ;.)roduc'ed
by a weight on the balance: recall that mechanical problems are situ'fmons' in which
“things with a small 7hopé move great weights (baré)” (847a22-23), implying that a
small baros has a small rhopé.
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The overall structure is the author’s usual one of question (a), mode|
identification (b), and explanation (c-¢). Note first that the ques-
tion (a) is phrased in terms of small “powers” (dunameis) moving
large “weights” (baréd); dunamis thus takes the place of ischus in the
original statement of the lever’s operation at 847a28-b15 (“at the
beginning”). In (b) the lever is idenrified with a balance having
unequal arms and supported from below.?¢ In (c) we have a state-
ment of the circular motion principle formulated in terms of weight
(baros), an analysis of the lever as consisting of fulcrum and two
weights (mover and moved), and a claim concerning the relation-
ship of weights and distances: “as the weight moved is to that which
moves it, the length is to the length, inversely.” The “mover” slot
of the lever model is here filled by a weight (baros). In (d) the
author claims that the movement will be easier, the farther the
mover is from the fulcrum. Finally, (e) cites the circular motion
principle as the explanation: the same mover placed farther from
the fulcrum will change position more “from the same force” (apo
tés autés ischuos), and this is why it causes motion more easily. The
substitution of ischus for baros in (c) is striking, and confirms the
analysis of section 4 above.

Despite the author’s claim to reduce the lever to the balance, the
references to the “center” in both (b) and (c) signal the circle model,
and it is in fact the circular motion principle that supplies the expla-
nation (c, €). The notion of the equilibrium of forces on either side
of the fulcrum plays no role in the argument. Nor is it clear that
the statement of the relationship between weights and distances is
meant to express an exact proportionality. The idea may just be that
any change in the relationship of the weights is compensated by
the inverse change in that of the distances: for example, if one of
the weights is diminished, its distance from the fulcrum must be
increased.” It is also not entirely clear whether the relationship
between weights and distances is supposed to be an inference from

) Problem 2 distinguishes between the cases where the balance is suspended from
above the beam and from below.

) The author uses the term antipeponthen (850b2), which expresses the idea’ of reci-
procal proportion in Euclid, But the Euclidean way of putting the point would be to
say thar the weights “are reciprocally proportional” (antipeponthasi) to the distances

Pr. |Ref. Text __ :
| 4. |850b14-15 | “the mover of the weight always moves (£inei) more weight,
. the more distant it is from the fulcrum”
6 1851b2-4 “the farther the fulcrum, the same power (hé auté dtmam.is)
moves the same weight more casily (rha0n) and more quickly
(thatton)” .
16 1853a11-12 | “the longer the (distance) from the fulcrum, the more it must
be bent”
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he circular motion principle as stated in the first part of (c), or a
e

t rement of an additional fact about the lever parallel to the remark
sta : rall

chat it involves a fulcrum and two weights. That it is a consequence

of the circular motion principle is suggested by the particle oun,
Q

which frequently has an inferential sense (e.g. 8.49'b24., 851a21,
851b4, 854424, 854a29). But no argument for thls‘ is given. Ins(?—
far as there is an argument here it is to support claim (d), that “it
(the mover) will always cause movement (/ez'néslez). more easily (7‘.1%107’1.),
the more distant it is from the fulcrum.” This is because,.as is said
in (e), the same mover placed farther from the fulcru‘rn will chal?ge
position (metastésetai) more. So again we have the circular motion
principle applied to explain the greater ease of movement produced

by increasing the distance from the center. The same force, applied
farther from the center, has a greater effect because of its quicker

movement.

This emphasis on the effect of increasing the separation from the
fulcrum is apparent in the citations of the lever principle through-

out the texi:

20 | 854a12-13 | “the longer the length of the lever from the fulcrum, the more
easily (rhaon) ... it causes motion (kinei)”

22 |854b7-8 “the more the lever extends from the fulcrum, it moves (/ezAnez)
more easily (rhaon), and more, from the same force (apo #és
ischuos tés autés)”

29 | 857b15-16 | “the more distant (the mover) is from the weight, the more
. easily (rhaon) it causes motion (kinei)”

{cf. Bucl. 11.34, 12.9, 12.15), not (as here, more literally) “what the weigh’t) suffers in
relation to the weight, the length suffers in relation to the length, inversely.
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Each of these statements explains the consequences of increasing
the distance between the mover and the fulcrum. Doing so increases
the ease of movement (3d, 6, 20, 22, 29), the speed of movement
(6), or the amount of movement (3¢, 22; cf. 16). The mover remains
the same while its distance from the center is increased. The author
evidently understands the quicker or greater movement of the weight
to follow from the quicker or greater movement of the mover. Only
in problem 4 is there any reference to the fact that the mover can
move more weight if its distance from the fulcrum is increased.?
Finally we should note that the correlations between distance from
the fulerum and effect are expressed not as exact ratios but rather
using vaguer locutions such as “the more ... the more” (e.g. hosdi

. tosoutdi in the Greek), a furcher indication that establishing an
exact proportion between weights and distances is not the author’s
concern.

The author is clearly aware of some sort of reciprocal relation-
ship between weights and distances in the lever. And the fact that
he attempts to reduce the lever to the balance suggests that he rec-
ognizes the balance with unequal arms as an illustration of this rela-
tionship. But it is really onfy an illustration. The analysis of the
lever is based entirely on the circular motion principle, and the
main point that is established in problem 3 and applied through-
out the text is that the same input (whether force, power, or weight)
will have a greater effect, the farther it is from the fulcrum.

i

6. Conclusion

There is much more of interest in this short text. But I hope that
the analysis I have presented, however partial, at least points the
way to a clearer picture of its place in the history of mechanics. If
my analysis is correct, then it is a mistake to look to the Mechan-
ica for an application of the principles relating force and movement
in the Physics or for the development of innovative concepts of
force. But the author succeeds remarkably well in devising an

20 However, 850b14-15 might also be translated “the mover of the weight always
moves (kinei) the weight more, the more distant it is from the fulcrum.”
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explanatory framework to address his main challenge: the ability of
rechnological devices to contravene what seemed to be the obvious
notion that one needs a large force to move a large weight. The

three simple models of circle, balance, and lever supply the author

with the conceptual tools to analyze a wide variety of mich?nicaj
devices. The flexibility in his use of terms such as “force,.” weight,

and “power” is matched by standardization in the terminology for
the model slots, indicating the crucial importance of the latter.
Despite its importance as an illustration of the ability' of a srflall
force to balance a large weight, the balance plays a relatively unim-
portant role in the author’s reduction program. This reflects the fact
that his argument for the circular motion principle begins not from
considerations of equilibrium, but rather from an innovative anal-
ysis of circular motion. It is only after Archimedes that the exact
proportionality between weights and distances on the balance beam
in a state of equilibrium comes to be the core of theoretical mechan-

ical knowledge.




